In conclusion, this study using external and internal transducers with similar characteristics gives a new definition of the time relation between the externally recorded apex cardiogram and the haemodynamic events within the left heart in human subjects with normal left ventricular function.
cardiac catheterization. The apex cardiographic tracings were obtained by means of a transducer with infinite time constant and very high resonantfrequency and the LV and aortic pressures with catheter tip-manometers. The onset of the systolic rise ofapex cardiographic and LVpressures were found to occur almost simultaneously with the upstroke of LV pressure, preceding that of the apex cardiogram by only 2 ±4 ms(mean + 1 SD). The summit of the systolic upstroke of the apex cardiogram (called E-point) occurred 37±9 ms after opening of the aortic valve and 41 ±9 ms after peak dP/dt. The peak of dA/dt preceded peak dP/dt by 10±4 ins. The protodiastolic nadir of the apex cardiogram (called 0-point) occurred slightly earlier (19±16 ms) than the nadir of the LV pressure curve, with considerable variation.
In conclusion, this study using external and internal transducers with similar characteristics gives a new definition of the time relation between the externally recorded apex cardiogram and the haemodynamic events within the left heart in human subjects with normal left ventricular function.
The left ventricular apex cardiogram is widely used as a guide in the interpretation of the phonocardiogram (Benchimol, Dimond, and Carson, 1961; Parker, Craige, and Hood, 1971; Spencer, Behar, and Orgain, 1973; Perosio, Silva, and Ricci, 1973) . The relative height of the A wave (Voigt and Friesinger, 1970; Parker et al., 1971) and various time measurements (Gadient et al., 1974; Manolas et al., 1974) (Benchimol and Dimond, 1963; Tafur, Cohen, and Levine, 1964; Rios and Massumi, 1965; Tavel et al., 1965; Forman et al., 1967; Fabian, Epstein, and Coulshed, 1972) . To our knowledge there have been experimental studies only (Willems, De Geest, and Kesteloot, 1971 ), in Received 12 May 1975 which the apex cardiogram and the intracardiac pressure curves were recorded simultaneously by pulse transducers with infinite time constant and by catheter tip-manometers.
This report analyses the relation between left ventricular pressure events and apex cardiogram obtained by high fidelity instruments, carried out during cardiac catheterization in patients with normal left ventricular performance and without or with only minimal over-load of the left ventricle.
Subjects and methods
In 10 patients (diagnosis and standard haemodynamics are given in the Table) , the following tracings were recorded simultaneously in the course of cardiac catheterization: (1) left ventricular apex cardiogram, (2) left ventricular pressure, (3) aortic pressure, (4) first derivative of apex cardiogram, (5) first derivative of left ventricular pressure, (6) lead II ofelectrocardiogram, and (7) apical external phonocardiogram (Fig. 1) . QRS complex did not exceed 0 11 s in any patient. Premedication consisted of 10 mg chlordiazepoxide or 5 mg diazepam given orally 1 hour before catheterization. In all 10 patients there was no clinical or haemodynamic evidence of left heart valvular or myocardial disease; and there was no or minimal pressure or volume loading of the left ventricle. Three patients had a small persistent ductus arteriosus and one had a ventricular septal defect (all 4 patients with a left-to-right shunt of less than 15 per cent of the pulmonary flow); one patient had a small atrial septal defect (left-to-right shunt: 35 per cent of the pulmonary flow) and additionally a slight valvular pulmonary stenosis (peak systolic pressure gradient: 13 mmHg (1-7 kPa)). Two patients had functional murmurs, one patient a slight valvular pulmonary stenosis (peak systolic pressure gradient: 18 mmHg (2-4 kPa)), one patient a coarctation of the aorta (systolic pressure gradient: 9 mmHg (1 2 kPa)), and one patient a stenosis of the innominate artery.
Apex cardiograms
The apex cardiograms were obtained in the left recumbent position using a pulse transducer constructed in our laboratory, consisting of a Marey capsule (diameter: 2 cm) with the interior surface of this capsule directly connected, without air leakage (Kastor et al., 1970) , to a Bio-Tec-transducer (BT 250-T), which had a flat frequency response from 0 to over 15 000 Hz and no time delay. The distance from the transducer to the opening of the capsule measured 0-7 cm. Because of its configuration this system had an infinite time constant 
Results
The mean heart rate of the 10 patients was 734±7 Onset of the systolic upstroke (C-point) This point occurred almost simultaneously with the rise of left ventricular pressure curve ( Fig. 1 and 2 Fig. 1. pressure tracings. The time difference between peak dP/dt and the E-point was 41 ±9 ms and that between the onset of ejection phase and the E-point 37+9 ms. The duration of the systolic upstroke of the apex cardiogram (time interval from C-point to E-point or C-E interval) measured 108 ±7 ms.
First derivative (dA/dt) In only 6 of the 10 patients was a sharp peak dA/dt recognizable. The peak dA/dt preceded peak dP/dt by 10±4 ms. This finding corresponds to the more abrupt initial rise of the apex cardiogram compared to the more gradual one of the left ventricular pressure. The time interval from the C-point of apex cardiogram to the peak dA/dt (called t-dA/dt) averaged 58+6 ms.
Protodiastolic nadir (0-point) The time difference between this point and both the C-point and the beginning of the aortic component of the second heart sound (A2) showed a considerable variation; not only among patients with different or nearly the same heart rate but also une 11 group.bmj.com on June 23, 2017 -Published by http://heart.bmj.com/ Downloaded from expectedly in different beats of the same patient with practically constant heart rate.
The time interval between C-point and 0-point of the apex cardiogram measured 453±33 ms, and between A2 of the phonocardiogram and 0-point of the apex cardiogram 99+13 ms. There was no coincidence of the 0-point with the protodiastolic nadir of the left ventricular pressure curve, the latter being the minimal value of left ventricular pressure and defined as the point where the first derivative of left ventricular pressure reaches zero after its minimal value. The time difference between the 0-point of the apex cardiogram and the nadir of left ventricular pressure varied considerably, the 0-point preceding the protodiastolic nadir of the left ventricular pressure by a mean interval of 19±16 ms.
Discussion
In recent years much attention has been directed toward the time relation between the apex cardiogram and the haemodynamic events in the left heart (Benchimol and Dimond, 1963; Tafur et al., 1964; Rios and Massumi, 1965; Forman et al., 1967; Fabian et al., 1972; Willems et al., 1971) . Practically all these studies were conducted with the use of either conventional fluid-filled pressure recording systems with variable and mostly unknown catheter delay time and frequency response or of pulse transducers with often unknown or too short time constant, producing time shifts (Piemme, 1963; Kesteloot, Willems, and Van Vollenhoven, 1969) and distortions in the wave form (Bancroft and Eddleman, 1967; Kesteloot et al., 1969 ). An accurate comparison of 'morphology and time between the apex cardiogram and intracardiac pressures is only possible when tracings obtained by highly sensitive transducers with similar characteristics are used. The different results given in numerous papers can be explained by means of different phase shifts and time delays; the resulting distortions affect significantly the exact time relations (Bancroft and Eddleman, 1967; Willems et al., 1971) . In the present study, these inaccuracies have been avoided by the use of a pulse transducer with an infinite time constant and by employing micromanometers with no time delay; all the transducers were strain-gauge manometers with direct-current output, which have high static sensitivity as well as high natural frequency, and are thus suitable for obtaining high fidelity tracings. To our knowledge similar tracings have been recorded only in experimental studies, by Willems et al. (1971) ; there are no corresponding studies in human subjects.
The most important and consistent finding of the present study was the synchronism of the onset of the systolic wave of the apex cardiogram and the onset of upstroke of left ventricular pressure; at times the former followed the latter by a mean time difference of 2 ms. This time difference is negligible, and therefore the apex cardiogram can be used for the exact external measurement of the electromechanical delay. This is in accordance with the findings of Willems et al. (1971) in dogs. The results so far reported in man are controversial (Benchimol and Dimond, 1963; Tafur et al., 1964; Rios and Massumi, 1965; Tavel et al., 1965; Forman et al., 1967; Fabian et al., 1972) . However, these findings were mostly obtained with fluid-filled catheters and/or pulse transducers with too short a time constant. Tafur et al. (1964) found in 2 patients that the upstroke of the apex cardiogram preceded the onset of the rise in left ventricular pressure by 18 ms; Fabian et al. (1972) reported in 7 patients an average preceding of the upstroke of the apex cardiogram of 20 ms. Tavel et al. (1965) suggested 'an exceedingly close correlation' between the initial rise of the apex cardiogram and left ventricular pressure curves, but this finding was indirectly calculated using corrections for the delays in conduction of both pressure (through fluid-filled catheter) and apical pulsation (through crystal microphone transducer). The reported observations are not very valuable because first it is difficult to assess delay times in fluid-filled catheters, because of the variable, but almost inevitable presence of small air bubbles (Piemme, 1963) , and secondly because the tracings recorded by pulse transducers with finite time constant are variously shifted in time and changed in form, depending on their dominant frequency (Kesteloot et al., 1969) .
The peak of the first derivative of the apex cardiogram has been found by Reale (1967) as mostly coinciding with the peak dP/dt and he proposed that the time from the peak of the R wave of the electrocardiogram to the peak of both derivates is identical and therefore valuable in detecting changes in myocardial contractile state. In the present communication the peak dA/dt of the apex cardiogram preceded the peak dP/dt of the left ventricular pressure by an average of 10 ms. This is somewhat in accordance with the finding of Willems et al. (1971) in dogs, who found an average interval of 20 ms.
The end of the upstroke of the apex cardiogram, called E-point, has been advocated by some authors (Benchimol and Dimond, 1963; Tavel et al., 1965; Inoue et al., 1970; Willems et al., 1971) , and opposed by others (Oreshkov, 1965; Spodick and Kumur, 1968) , as a valid indicator of the onset of group.bmj.com on June 23, 2017 -Published by http://heart.bmj.com/ Downloaded from the ejection phase of the left ventricle or of the peak dP/dt. In our study the E-point followed in all cases by a considerable interval both the onset of the ejection in the aorta and the peak dP/dt. The Epoint followed the crossing point of left ventricular and aortic pressure curves by an average of 37 ms and the peak dP/dt by 41 ms. This is in contrast to the findings in dogs by Willems et al. (1971) , who found a synchronism of a 'sharp E-point' with both the onset of the ejection in the aorta and with the peak dP/dt 'as long as the rate of early ejection was unimpaired and rapid'. According to our findings the E-point in human subjects with normal left ventricular function (and thus also rapid and unimpaired ejection) is no indicator of the above mentioned intracardiac events.
The protodiastolic nadir (0-point) of the apex cardiogram showed a considerable variation in its relation to other points (in this study its time difference to the C-point of the apex cardiogram and to the aortic component of the second heart sound was examined). The relation of the 0-point to the protodiastolic nadir of left ventricular pressure curve also varied considerably, the first preceding the latter by an average of 19 ms. This is in contrast to the coincidence of these points found in dogs (Willems et al., 1971 
